Quatsomes (QSs) are unilamellar nanovesicles constituted by quaternary ammonium surfactants and sterols in defined molar ratios. Unlike conventional liposomes, QS are stable upon long storage such as for several years, they show outstanding vesicle to vesicle homogeneity regarding size and lamellarity, and they have the structural and physicochemical requirements to be a potential platform for site specific delivery of hydrophilic and lipophilic molecules.
KEYWORDS. Quatsome; membrane; AFM; force spectroscopy; nanomechanics; molecular dynamics; atomistic simulation; bilayer structure; nanovesicles ABSTRACT Quatsomes (QSs) are unilamellar nanovesicles constituted by quaternary ammonium surfactants and sterols in defined molar ratios. Unlike conventional liposomes, QS are stable upon long storage such as for several years, they show outstanding vesicle to vesicle homogeneity regarding size and lamellarity, and they have the structural and physicochemical requirements to be a potential platform for site specific delivery of hydrophilic and lipophilic molecules.
Knowing in detail the structure and mechanical properties of the QS membrane is of great importance for the design of deformable and flexible nanovesicles alternatives, highly pursued in nanomedicine applications like the transdermal administration route. In this work, we report the first study on the detailed structure of the Cholesterol:CTAB QS membrane at the nanoscale, using atomic force microscopy (AFM) and spectroscopy (AFM-FS) under controlled liquid environment (ionic medium and temperature) to assess the topography of supported QS membranes (SQMs) and to evaluate the local membrane mechanics. We further perform molecular dynamics (MD) simulations to provide an atomistic interpretation of the obtained results. Our results are direct evidence of the bilayer nature of the QS membrane, with characteristics of a fluid-like membrane, compact and homogeneous in composition, and which structural and mechanical properties depend on the surrounding environment. We show how ions alter the lateral packing, modifying the membrane mechanics. We observe that according to the ionic environment and temperature, different domains may coexist in the QS membranes, ascribed to variations in molecular tilt angles. Our results indicate that QS membrane properties may be easily tuned by altering the lateral interactions either with different environmental ions or counterions.
INTRODUCTION
The field of nanomedicine has grown rapidly in the recent years. Great efforts have been addressed towards new drug delivery systems that may improve the administration of drugs in a more effective and safe manner, increasing their solubility and stability, overcoming the anatomical and physiological barriers by targeting specific organs/tissues, reducing their quick clearance from the body and therefore, their side effects.
1, 2 Different types of nanoparticles are explored, including metal, organic and polymeric nanoparticles and liposomes. [3] [4] [5] [6] Liposomes are molecular self-assembled lipid-based nanovesicles, undoubtedly one of the most promising supramolecular assemblies for nanomedicine due to their great versatility with respect to size, composition, surface characteristics and capacity for integrating and encapsulating bioactive molecules, both hydrophobic and/or hydrophilic. Their membranes can be efficiently functionalized with ligands with different hydrophobicity, and different targeting units like peptides, antibodies, etc. Moreover, liposomes are well recognized as pharmaceutical carriers because of their biocompatibility, biodegradability and low toxicity. 7, 8 The physicochemical and mechanical properties of the nanoparticles are key as they may affect the interaction with cells and tissues, the endocytic pathway, 9 the drug permeability, and the deformability, which is essential for some applications, like skin penetration. 10 In lipid nanovesicles, the deformability and mechanical properties of the vesicles is directly related to the membrane structure and rigidity. 11, 12 The mechanical properties of the liposome membrane can be tuned by adjusting the membrane composition, including phospholipids in fluid or gel phase, incorporating sterols, or adding sphingolipids or ceramide derivatives. [13] [14] [15] [16] [17] [18] [19] [20] [21] Among several attempts in this direction, are the novel generations of lipid vesicles, mainly flexible or elastic vesicles (transferosomes) and ultradeformable liposomes, that incorporate surfactants like edge activators to increase the elasticity of liposomes and lower their transition temperature (T m ). 8, [22] [23] [24] [25] [26] Still, one of the major problems limiting the widespread use of liposomes is their poor stability, both physical (colloidal), including aggregation or fusion of vesicles to form larger and heterogeneous particles, and chemical, i.e. hydrolysis of ester groups and oxidation of unsaturated chains. 27 Liposomes with higher stability generally comprise gel phospholipids, and therefore deformability is compromised. The need for alternative vesicular systems with enhanced properties compared to liposomes, especially when vesicles' mechanical properties are a critical issue, has led to the design of alternative lipid nanovesicles, like the Quatsomes (QS).
QS are unilamellar nanovesicles constituted by quaternary ammonium surfactants and sterols in defined molar ratios. 8, 28, 29 Unlike conventional liposomes, QS are stable upon long storage such as for several years, and they show outstanding vesicle to vesicle homogeneity regarding size and lamellarity. 29, 30 QS fulfill the structural and physicochemical requirements to be a potential encapsulation platform for site specific delivery of both hydrophilic and lipophilic molecules. [31] [32] [33] [34] QS-like structures have been prepared using different quaternary ammonium surfactants such as cetrimonium bromide (CTAB), myristalkonium chloride (MKC) and cetylpyridinium chloride (CPC) and different sterols such as cholesterol (Chol) and b-sitosterol. 28, 29 Using molecular dynamic (MD) simulations, it has been demonstrated that, in an aqueous environment, the synergy between the cetyltrymethyl ammonium (CTA + ) of CTAB and Chol molecules makes them self-assemble into bimolecular amphiphiles (synthon) and then into bilayers, with a similar structure of those formed by double-tailed unimolecular amphiphiles, like phospholipids. 29 However, a detailed characterization on the structure and mechanical properties of the QS membrane has not been performed. Local characterization of these membrane properties can be widely explored with techniques that allow working at nanometric resolution and preserving the physiological membrane environment. In this context, atomic force microscopy (AFM), 35 AFM-based force spectroscopy (AFM-FS) 14, 36 and force clamp (AFM-FC) 37, 38 are essential tools to locally study the physical properties of supported membranes at the nanoscale with high spatial range sensitivity and versatility while giving the possibility to control the environmental conditions. Lateral interactions between the molecules can be directly evaluated with AFM-FS, by measuring the maximum vertical force a membrane is able to resist before its rupture, the breakthrough force F b , when indented by the AFM tip. This parameter is significantly governed by the chemical structure of the membrane components 39 as well as by the physicochemical environment, especially the presence of ions that can alter the molecular interactions within the membrane. [40] [41] [42] Moreover, AFM-FS can differentiate subtle local variations in composition, leading to phase segregation, in terms of both the mechanical stability and membrane thickness associated to the observed topography. [13] [14] [15] 26 Here, we study for the first time the detailed structure of the QS membrane at the nanoscale, using AFM and AFM-FS under controlled liquid environment (ionic medium and temperature) to assess the topography of supported QS membranes (SQMs) and to evaluate the local membrane mechanics. We further perform MD simulations to provide an atomistic interpretation of the obtained results. Our results are direct evidence of the bilayer nature of the QS membrane, with characteristics of a fluid-like membrane, and which structural and mechanical properties depend on the surrounding environment. We demonstrate how ions alter the lateral packing, modifying the membrane mechanics. According to the ionic environment and temperature, we
show that different domains may coexist in the QS membranes, ascribed to variations in molecular tilt angles.
RESULTS AND DISCUSSION

Supported QS membrane structural characterization
For the study at the nanoscale of Chol:CTAB QS bilayer and its mechanical properties, we prepared two different supported QS membranes (SQMs) on mica surfaces using the QS vesicular samples described in Figure S1 ). surface. This allows for a detailed morphological and nanomechanical characterization at the nanoscale, using atomic force microscopy (AFM) and spectroscopy (AFM-FS), under controlled liquid environment.
Topographical characterization
As shown in Figure 
Supported QS membrane nanomechanics
Lateral interactions between the molecules of 2D ordered structures like lipid bilayers can be explored by measuring the maximum force the membrane is able to withstand before its rupture, because of an applied external pressure. In an AFM-FS experiment, the AFM tip breaks through the membrane at a force (the breakthrough force F b , see Figure S2 ) 14, 15, 36, 44 that is characteristic of the lateral packing of the membrane of certain composition in a particular environment and at a specific tip velocity.
Force-separation curves were performed over an area of the SQM previously imaged, and we clearly observed the breakthrough events as sharp discontinuities on the approach forceseparation curves ( Figure S2 and Figure 2c ). These sharp breakthroughs at a few nNs are generally characteristic of fluid-like lipid bilayers. 42, 45, 46 We calculated the 
Role of the ions on the QS membrane topography and nanomechanics
From the topographical and nanomechanical characterization it is evident that the ions present in the liquid environment when the QS assembly takes place are affecting the membrane structure.
Not only they may adsorb on the QS surface, but also affect the lateral packing, as the membrane in ionic media shows a higher resistance to break upon indentation. Ions alteration of the nanomechanics of lipid bilayers is a known effect; they have an important contribution to the membrane mechanical resistance, by enhancing the lateral packing, translated into a higher F b . 41, 42, [46] [47] [48] [49] To better understand the effect of ions into SQMs, we assessed the topographical and mechanical properties of the QS_H 2 O membrane before and after replacing the liquid environment from water to PBS/NaCl. Figure 4 shows the topography, F b maps and histograms for these two cases.
From the QS_H 2 O membrane with coexisting domains and bimodal F b distribution, after rinsing several times with PBS/NaCl, the mechanical stability increases to F b values close to those of QS_PBS membranes (3.4 ± 0.6 nN for QS_H 2 O + PBS, Figure 4 ). In addition, after PBS/NaCl has been added, the membrane topography and mechanics evolve in time (after ca. 50 min) to the one of the SQM from QS_PBS ( Figure S4 ). This means that the ions of the buffer not only affect the membrane properties when QS are produced in PBS/NaCl medium. Ions can also enter and alter the membrane structure upon exposure to the ionic environment, providing a direct evidence that the ions are the direct responsible for the enhancement in lateral interaction and the changes in the membrane mechanics. This atomistic interpretation is confirmed by all-atomic MD simulations in section 2.4. When imaging the SQM in PBS/NaCl, we let the system stabilize to the homogeneous phase at RT, knowing its dynamic behavior at this T. Unsurprisingly, further increase in T up to 45 ºC showed no changes in the QS_PBS membrane topography ( Figure S5 ). Conversely, the QS_H 2 O membrane showed a gradual transition from a heterogeneous to a homogeneous topography upon rising T from RT up to 42.5 ºC (Figure 5a and b) . Increasing the T stepwise and leaving the membrane at least during 30 min at each temperature, showed that SQMs in water turned into a homogeneous phase around T=30 ºC (Figure 5c and d) . In Figure 6 , we propose a molecular interpretation of the heterogeneous topography (phase coexistence) observed for the QS_H 2 O membrane. From the AFM measurements, the different domains are associated to different bilayer thickness and very similar, although discernible, nanomechanical resistance. We propose that in the QS_H 2 O bilayer the synthon made by CTA + and Chol is tilted and that the tilt angle is different in the different regions or domains. Therefore, we propose that the heterogeneities observed are due to different tilt angles, rather than to different chemical compositions. Regarding this interpretation, it is worth noting that pure CTAB adsorbed onto mica can form bilayers in which the molecules have a substantial tilt of 44° to the surface normal. 50, 51 The bilayer with a well-defined tilt angle is difficult to observe at RT, since this temperature coincides with the Krafft temperature of CTAB (25ºC) and near the Krafft temperature the dynamics of CTA + chains is very slow. Previous work shows that the formation of the CTA + bilayers at 25ºC has very long equilibration times (6-24 h), and other metastable structures can be observed during equilibration. 52 It has been also proposed that in lipid bilayers with small
Chol concentrations, where all Chol molecules interact independently with the lipid bilayer, Chol has a tilt angle of ∼10º and may influence the tilt of the other membrane components. 53 In the QS_H 2 O, the bilayer is formed by CTA + and Chol that are known to interact strongly forming a 1:1 bimolecular synthon, 29 so it seems possible a complex behaviour for the tilt angle of the components, responsible for the formation of the domains with different tilt proposed in Figure   6 . This interpretation is also consistent with the atomistic simulations discussed in the next section.
Molecular Dynamics (MD) Simulations
We performed all-atomic MD simulations to provide an atomistic interpretation of the experimental results, regarding both the possible penetration of the ions and the possible changes in tilt of the bilayer components. To this end, we have extended to larger simulation times our previous all-atomic MD simulations of QS_H 2 O bilayer at 25ºC. 29 In these simulations, we considered a small bilayer patch (~15.7 nm 2 ) with a 1:1 mixture of CTAB surfactant and Chol in water (there is no supporting surface in the simulations). All technical details of the simulation are the same as in our previous work, 29 with the only difference that the simulation was extended for an additional time of 106 ns. In addition, we have also performed a second simulation in order to evaluate the effect of added salt. In this second simulation, we have added 100 mM of NaCl to our previous simulation of the QS_H 2 O bilayer at 25ºC (see methods for details).
The simulations of the QS_H 2 O system show that Br -counterions are not only able to adsorb on top of the bilayer but also to penetrate in the hydrophilic region of the bilayer. In the case of the simulations with added salt (100 mM of NaCl) we also observe that both anions (Br -counterions and the Cl -anions from added salt) penetrate in the hydrophilic region of the bilayer. The results for the organization of the anions in both simulations are summarized in Figure 7 .
As seen in Figure 7a , the anions that penetrate inside the bilayer are shared between the CTA + headgroup and the -OH group from the Chol. In other words, anions not only interact strongly with cationic CTA + surfactant but also with Chol. It is also worth noting that previous experimental and simulation work on pure Chol monolayers has shown a strong interaction between Cl -and Chol. 49 Here the simulations indicate that the addition of NaCl produces not only an incorporation of Cl -inside the bilayer but also an incorporation of Br -inside the bilayer.
In the simulations of the QS_H 2 Figure 6 from AFM results. It is also interesting to note that according to the experimental results ( Figure 2 ) the addition of salt suppresses the presence of heterogeneous domains. This is also consistent with the simulation results shown in Figure S6 (absence of long-lived different states with different tilt angle). 
CONCLUSIONS
We characterized for the first time the topography and the nanomechanical properties of supported QS membranes in different liquid environment and T. We determined experimentally that the QS membrane behaves as a typical fluid-like phospholipid bilayer. A phase-segregated topography, stable with time, was observed by AFM in supported QS_H 2 O membranes, while in the presence of salts supported QS_PBS membranes showed a dynamic behavior from a heterogeneous topography turning into a homogeneous phase at RT.
By means of AFM-FS, we showed that the membrane breaks upon indentation with the AFM tip, as observed for 2D ordered systems like lipid bilayers and we further determined the effect of the presence of ions into the liquid media over the nanomechanical resistance of the QS membrane.
We observed by MD simulations that the anions from solution (both Br -and Cl -) not only adsorb onto the bilayer but also penetrate the hydrophilic region of the bilayer. As a result, an enhancement of the lateral interactions between the membrane molecules may be the responsible of the greater resistance to be indented by the AFM tip (higher F b ) in the presence of salts.
We demonstrate that the phase coexistence observed at RT in the QS_H 2 O SQM turns into a homogeneous structure when temperature is raised above 30ºC. All-atomic MD simulations of QS bilayer at 25ºC in absence of added salts showed that the symmetry within the bilayer is 
Supported membranes
SQMs were obtained by direct fusion onto freshly cleaved mica surfaces (mica discs, Ted Pella, Redding, CA) previously glued onto Teflon discs using epoxy-based mounting glue. 100 µL of QS suspension (2.75 mg ml -1 ) were deposited on to the mica for 30 min at RT. Afterwards, the samples were rinsed several times with water or PBS/NaCl buffer to remove unfused vesicles, keeping always the samples hydrated.
Atomic force microscopy (AFM) and spectroscopy (AFM-FS)
AFM images and force spectroscopy experiments were performed using an MFP-3D atomic 
Molecular dynamics (MD)
MD simulations consist of solving numerically the Newton equations of motion for a molecular system. In our simulations, we describe all chemical species (water, Chol, CTAB and ions) with full atomistic detail. The simulated system QS_H 2 O consists of two leaflets of 27 CTA + and 27
Chol molecules (equilibrium area ~15.7 nm 2 ) each and 54 Br -ions immersed in 5443 TIP3P
water molecules. The simulations were performed using the NPTγ ensemble maintaining the QS bilayer at 25ºC, 1 atm of pressure and zero tension to mimic a vesicle bilayer. The employed force field and all technical details of the simulation are the same as in our previous work, 29 with the only difference that the simulation was extended for an additional time of 106 ns using the NAMD 2.11 software. 64 An additional simulation with added salt was performed starting from the previous simulation QS_H 2 O (with no added salt). Starting from an equilibrated configuration of the QS_H 2 O, we added 10 Na + and 10 Cl -ions (roughly corresponding to ∼100 mM) using the ionize plugin of the VMD program. After equilibration and thermalization, we ran a simulation of 131 ns employing the same parameters and conditions as in the QS_H 2 O case. The analysis of both simulations (snapshots, radial correlation functions, …) was performed using VMD software. 
